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04103 Leipzig, GermanyABSTRACT The current article served to provide
the most up-to-date information regarding the causes of
keel bone fracture. Although elevated and sustained egg
production is likely a major contributing factor toward
fractures, new information resulting from the develop-
ment of novel methodologies suggests complementary
causes that should be investigated. We identified 4
broad areas that could explain variation and increased
fractures independent of or complementing elevated
and sustained egg production: the age at first egg, lateublished by Elsevier Inc. on behalf of Poultry Science
nc. This is an open access article under the CC BY-NC-ND
//creativecommons.org/licenses/by-nc-nd/4.0/).
ebruary 10, 2020.
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4183ossification of the keel, predisposing bone diseases, and
inactivity leading to poor bone health. We also specified
several topics that future research should target, which
include continued efforts to link egg production and
bone health, examination of noncommercial aves and
traditional breeds, manipulating of age at first egg, a
detailed histological and structural analysis of the keel,
assessment of prefracture bone condition, and the
relationship between individual activity patterns and
bone health.Key words: pullet, bone, disease, fracture, damage
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https://doi.org/10.1016/j.psj.2020.05.035INTRODUCTION
The extremely high frequency and severity of damage
to the keel bone in commercial laying hen housing sys-
tems represents one of the greatest welfare problems fac-
ing the egg production industry as suggested by the
United Kingdom’s Farm Animal Welfare Committee
(FAWC, 2010, 2013). Keel bone damage is a more
general term that can be subdivided into 1) fractures
(keel bone fractures [KBF]), defined as breaks in the
bone that typically manifest as a callus around the
fracture site after an unknown time, and 2) keel bone
deviations, characterized by sharp, unnatural bending
from a theoretical, two-dimensional plane (Casey-Trott
et al., 2015). The current article focuses primarily onthe former. The KBF issue has also been cited as a major
problem by the European Food Safety Authority-Panel
on Animal Health and Welfare (Welfare, 2015) and a
North American–based consortium of welfare re-
searchers (Lay et al., 2011). The pain believed to be asso-
ciated with KBF (Nasr et al., 2012b) is a primary
concern owing to gross anatomical disfigurement,
although the likely economic losses (Thiruvenkadan
et al., 2010) resulting from reduced egg production
(Nasr et al., 2012a; Rufener et al., 2016) are also rele-
vant, with far-ranging effects on the sustainability of
production. Unfortunately, despite efforts to increase
standards of on-farm animal welfare in general, assess-
ments by a variety of research groups place the percent-
age of birds with fractures at an alarmingly high rate.
The number of affected birds within commercial flocks
can range between 20 and 96%, based on reports from
various countries including Belgium (Heerkens et al.,
2015), Canada (Petrik et al., 2015), Denmark (Riber
and Hinrichsen, 2016), The Netherlands (Rodenburg
et al., 2008), Switzerland (K€appeli et al., 2011;
Stratmann et al., 2015b,a), and the United Kingdom
TOSCANO ET AL.4184(Wilkins et al., 2011; Tarlton et al., 2013; Toscano et al.,
2015). The problem has also been observed in commer-
cial broiler breeder flocks (Gebhardt-Henrich et al.,
2017).
The traditional explanation for the cause of fractures
is that high calcium demands of contemporary commer-
cial hens required for egg production (approximately 320
eggs over a 365-day period, i.e., nearly an egg per day)
induce resorption or the breakdown of the bone matrix
and release of contained mineral. The entire process is
believed to leave bones weak and brittle (Whitehead
and Fleming, 2000; Fleming et al., 2004; Bain et al.,
2016). Although not a cause of fractures by itself, the
resulting poor bone health leaves the hen relatively sus-
ceptible to fractures from more direct causes such as col-
lisions with housing objects (Figure 1). Hazardous
movements, such as collisions, being a contributory fac-
tor to KBF are supported by correlations between
increased KBF frequency and housing features including
greater height and the number of perchable items
(Wilkins et al., 2011), aviary arrangement within the
barn (i.e., portal vs. row units), wire mesh flooring vs.
plastic (Heerkens et al., 2015), and the absence of ramps
connecting upper and lower aviary tiers (Stratmann
et al., 2015a). Although less studied, high-energy colli-
sion events have also been reported in caged housing
(Baker et al., 2020) and thus could explain the reported
occurrence, albeit reduced in frequency and severity rela-
tive to noncage systems (Sherwin et al., 2010; Wilkins
et al., 2011; Petrik et al., 2015; Casey-Trott and
Widowski, 2016).
Although increased egg production may well be a ma-
jor causal factor in predisposing birds to fracture, recent
methodological advances have allowed for an improved
understanding of KBF and suggest that factors other
than high egg production may also have a causative
role. For example, methodological advances include
improved assessment methods using radiography
(L. Candelotto, unpublished data; Eusemann et al.,Figure 1. Potential explanations for th2018a; Tracy et al., 2019; Baur et al., 2020), sonography
(Tracy et al., 2019), computed tomography (L. Cande-
lotto, unpublished work; Regmi et al., 2013, 2015;
Chargo et al., 2018a,b); and risk analysis (Toscano
et al., 2013, 2018; Candelotto et al., 2017) and use of
experimental models that controlled for potentially con-
founding factors (Regmi et al., 2013; Casey-Trott, 2016;
Candelotto et al., 2017; Casey-Trott et al., 2017a,b;
Eusemann et al., 2018a).
Further adding to confusion over the role of high egg
production as a cause of fracture, deformities have
been reported much earlier than the emergence of mod-
ern poultry genetics and simultaneous increase in egg
production. Observations reported by Darwin (1868)
address issues of keel bone quality, wherein 12 breeds
selected for observation had so many incidences of defor-
mation such that only 3 breeds could be used for compar-
ison. Although observations were based primarily on
large, male specimens, it was reported that up to 88%
of chickens examined across the 12 breeds had a
deformed sternum. Examination of more recent informa-
tion, but preceding the application of modern genetic se-
lection programs in poultry, gives further evidence of
keel bone deformities. From investigations on what
was termed crooked keels of both sexes, Warren (1937)
attributed genetics as well as effects of perches and defi-
cient vitamin D concentrations as a causal factor. These
and other early studies intriguingly seem to suggest both
males and females are equally prone to keel bone dam-
age, apparently in contrast to the modern situation
wherein males do not seem to be afflicted. Alternatively,
the absence of males without keel bone damage could be
due to their presence in breeding populations and not in
the production systems, which are predominantly exam-
ined for KBF. It is important to note that the types of
damage reported in these earlier studies may be a combi-
nation of KBF and keel bone deviations. The latter is
different in characteristics and likely a cause of KBF
with implications discussed in the following section.e development of keel bone fractures.
KEEL FRACTURE EXPLANATIONS 4185Although abnormalities predating modern poultry ge-
netics and the current phenomena of keel damage un-
doubtedly arose from different causes, the existence of
keel damage in hens without high and sustained egg pro-
duction is a reminder that other factors may play a role.
Our understanding of KBF has also improved with the
important step of defining the damage in question, which
will help to better understand the causes of KBF.
Although simplistic in nature, the definition of fracture
used in published works has been confusing and inconsis-
tent (reviewed in the study by Harlander-Matauschek
et al., 2015). The majority of the published research
studies before 2015 used palpation of live birds as a
means to detect fracture, wherein the presence of a callus
formation was used as an identifying feature. The classi-
fication may or may not have included unusual bends in
the bone, often referred to as keel bone deviations in an
overall category of damage. From a morphological
perspective, a fracture would be defined by one or
more fracture lines clearly separating a bone into 2 or
more separated fragments, a definition that would
exclude all examples provided by Wilkins et al. (2011),
a commonly cited article used when referencing the
palpation technique. Clarity in terms of the definition
of KBF and keel bone deviations (Casey-Trott et al.,
2015), a visual radiograph evaluation protocol based
on those definitions (Rufener et al., 2018a), and
improved palpation training (Casey-Trott et al., 2015;
Petrik et al., 2015; Buijs et al., 2018; Gebhardt-
Henrich et al., 2019; Tracy et al., 2019) are 3 examples
of how advances in definitions and assessment have led
to an improved understanding of keel bone damage
and its causes.
Given the benefits that improved methodologies and
the consequent clarification have afforded, combined
with the renewed perspective of keel bone damage occur-
ring before modern breeding programs, a revised exami-
nation of the causative mechanisms of KBD is
warranted. The current article reviews the existing infor-
mation linking egg production and fractures, including
recent evidence suggesting the need to consider other ex-
planations in addition to egg production and then ex-
plores several additional explanations that could also
lead to poor bone health. The additional explanations
included in this article are 1) inappropriate duration of
rearing until the hen’s first egg, 2) poor ossification at
particular keel locations, 3) predisposing bone diseases,
and 4) reduced activity leading to a musculoskeletal sys-
tem poorly suited to current housing (Figure 1). We then
conclude with suggestions for future research.
We have purposely not included a specific nutrition-
themed explanation as we believe there is insufficient
recent information to support a specific alternative
explanation. Deficiencies in diet have long been recog-
nized as a problem for bone quality in laying hens, a sub-
ject that has been reviewed on numerous occasions
(Norman and Hurwitz, 1993; Whitehead, 2004a;
Fleming, 2008; Bain et al., 2016; Olgun and Aygun,
2016; Swiątkiewicz et al., 2017). Sufficient supply of cal-
cium at lighting up rather than at first egg and feedingthe calcium source as a particulate (Fleming et al.,
2003, 2006) to ensure delayed absorption during the
night period when shell production is occurring is known
to be beneficial. If hens are fed to the recommended die-
tary quantities of calcium and phosphorous with
adequate supply of vitamin D, further supplementation
has limited effect (Rennie et al., 1997). In practice, there
is still the possibility of poor diet formulation, differences
in the digestibility of the calcium source (Guinotte et al.,
1995; Anwar et al., 2016), or malabsorption of nutrients
owing to factors such as poor gut health (Freitas, 2014),
although there seems to be little investigation of laying
hens in this regard.HIGH EGG PRODUCTION AS A CAUSE FOR
WEAKENED AND BRITTLE BONE
The bones of laying hens are composed of 3 primary
types—cortical, trabecular or cancellous, and medullary
(Figure 2). Medullary bone is a special type of woven
bone unique to female aves that serves principally as a
labile source of calcium, quickly providing the mineral
for one eggshell and then absorbing and storing calcium
for the next egg (Dacke et al., 1993). Medullary bone is
only present when there is high estrogen concentration
in the plasma, produced by the developing follicles of
the ovary before commencement of egg production,
that is, only in lay. In modern commercial hybrids,
wherein egg production is sustained over a longer time
than in ancestral breeds such as the red jungle fowl, the
henmay extract supplemental calcium in a process called
resorption from other types of bone including cortical
bone. Unlike medullary bone, cortical bone primarily
has the function of structural support and is produced
throughout the rearing period until the onset of sexual
maturity and egg production at approximately 16 wk of
age after which it is no longer produced (Hudson et al.,
1993) until exiting lay. During the laying period, bone
resorption is used to supplement exogenous (dietary) cal-
cium required for eggshell formation. As bone resorption
continues throughout the lay cycle (w50–70 wk in mod-
ernflocks) inwhich eggs are produced at a rate in excess of
9 every 10 D, hens manifest a net loss of mineral in struc-
tural (cortical) bone from a peak at sexual maturity
(Wilson et al., 1992). It is this gradual but sustained
loss of structural cortical bone that is thought to be
responsible for the increased frequency of KBF as the
hen attempts to support nearly continuous eggshell for-
mation with diminishing endogenous mineral reserves.
Supporting a direct role of the presence or absence of
egg production in development of KBF, Eusemann
et al. (2018b) found laying hens whose egg production
was abolished by a synthetic agonist of the
gonadotropin-releasing hormone (i.e., deslorelin acetate)
between 24 to 35 wk of age had no fractures compared
with 40% in the control hens. Comparably, using 2
groups of hens selected over 7 generations for a high
and low bone index (a composite of strength and mineral
density without gains in body mass and described in the
Figure 2. Avian bone can be subdivided into cortical, cancellous, and medullary bone. (A and C) Chicken, tibia, diaphysis: Cortical (synonym:
compact) bone is especially prominent in the diaphyses of the long bones of the appendicular skeleton. (B and D) Chicken, femur, distal epiphysis:
Cancellous (synonyms: trabecular or spongy) bone is the predominant type of bone in the core of the metaphyses and epiphyses. (A and B) Chicken,
14 wk old: The bonemarrow is free of medullary bone before the onset of egg laying. (C andD) Chicken, 32 wk old: Medullary bone builds up within the
medullary cavity along the inner border of both cortical (C) and trabecular bone (D) shortly before the onset of egg laying. Hematoxylin and eosin;
bars 5 200 mm. (Credit: R Ulrich.)
TOSCANO ET AL.4186study by Bishop et al., 2000), Fleming et al (2004) then
assessed bone health in the keel and long bones from
males and females at 68 wk of age. Males were found
to be free of keel bone damage, whereas the percentage
of normal keels in females ranged from 60.3% in the
low bone quality line to 100% in the high bone quality
line. No males were recorded as having any type of frac-
ture, whereas only the last generation of females with
high bone quality lacked evidence of fracture. Unfortu-
nately, although the authors reported evidence of frac-
ture in long bones, they used the term deformities with
several categories (i.e., normal, twisted, severe) to
describe the keel; hence, it is difficult to ascertain the
type of damage that was observed. More recently,
Eusemann et al. (2018a) found reduced occurrence of
fractures in a low-producing, brown laying line
compared with a high-producing, brown line, although
the results are confounded by hybrid-specific factors.
Surprisingly, the worst fractures were in a low-
producing white line. Similarly, on comparison of a
relatively less productive heritage line (Barred Ply-
mouth Rock) with high-producing commercial lines
(Hy-Line Brown, Hy-Line Silver), the latter were
found to have increased rates of fresh fractures despite
comparatively greater bone density (Regmi et al.,
2016a). Taken together, these findings highlight the
need for direct observation and experimental manipu-
lation of relevant factors to determine the causes of
KBF. The authors know of only one article assessing
fractures in broiler breeders, in which fractures were
present in a maximum of 54.7% of birds when housed
with perches (Gebhardt-Henrich et al., 2018), althoughonly limited behavioral assessments were carried out
without histological or biomechanical measures.EVIDENCE OF ALTERNATIVE CAUSAL
FACTORS
To understand of the factors that influence KBF,
Toscano et al. (2013, 2018) developed a methodology
that uses an impact testing device to create collisions in
a controlled, quantifiable manner using recently eutha-
nized hens. The methodology resolved some challenges
in linking factors with fracture in that collisions could be
viewed essentially in “real time,” i.e., within seconds of
collision, and thus, relevant properties could be evaluated
at the time of collision and not at a subsequent period after
bone began the healing process. By statistically modeling
various factors and their relationship to the outcome of
whether a fracture occurred and its severity at specific
impact energies, the magnitude of change as reflected by
the increase or decrease in the factor could be related to
fracture susceptibility. Themethodology is not examining
fractures per se, butmodeling the likelihood of their occur-
rence in relation to key factors. The impact testing proto-
col was used to relate susceptibility to KBF across 5 time
points and then quantify a range of hen-level factors
relating to bone health (e.g., bone mineral density)
(Toscano et al., 2018). Unexpectedly, the effort identified
a post–peak egg production phase, inwhich, beyond 49wk
of age, susceptibility to new fractures appeared to
decrease. The finding was particularly surprising given
that hens’ daily egg production will remain relatively
KEEL FRACTURE EXPLANATIONS 4187high with values .85% and that hens are not believed to
increase net cortical bone mass while they remain in lay
(Hudson et al., 1993). Nonetheless, the findings of
Toscano et al. (2018) appear to parallel age-related
changes in KBF frequencies reported independently in
commercial flocks (Stratmann et al., 2015a; Petrik et al.,
2015; Toscano et al., 2015), suggesting the result observed
with the impact testing system is not an aberration of the
experimental procedure. Previously, the decrease in new
fractures could be attributed to altered behavior or
improvednavigation abilities, although the impact testing
data, in combination with mirrored patterns in commer-
cial flocks, suggest some qualitative change within the an-
imal such as bone maturation in combination with or age-
related changes in strength (Rath et al., 2000). In other
words, if egg production was directly related to bone
health and occurrence of fractures, we would expect rates
of fracture to continue increasing beyond 49 wk of age,
although this is not the case. Rather, the rate of new frac-
tures appears to level off or possibly even decrease in both
commercial and experimental settings.
The impact testing system has also provided insight
into the relationship between egg production and frac-
ture development of individual hens. In an examination
of fracture susceptibility within 5 distinct genetic laying
hen lines, Candelotto et al. (2017) reported that increased
shell breaking strength and width from eggs of individual
hens was associated with reduced fracture susceptibility.
Although the authors anticipated the opposite, that is,
hens with stronger and thinner eggshells would be more
likely to develop fractures as they would be contributing
a greater proportion of their available calcium pool to-
ward egg production at a detriment to bone health, the
occurrence of the unexpected requires consideration of al-
ternatives. For instance, some hens may have superior
calcium absorption, leading to a comprehensive benefit
for all tissues—both eggs and bone.
Taken together, these recent findings suggest that
although high and sustained egg production does
appear to play a major causative role in KBF, multiple
other factors have to be considered, especially when
some low-producing lines have poorer bone quality
than their high-producing counterparts. The problem
appears to predate modern production genetics and is
not in agreement with expected predictions, according
to which KBF frequency is the sole causative factor
linked to egg production. Understanding the interac-
tion and relative importance of the factors involved in
the pathogenesis of KBF is essential if effective solu-
tions that eliminate or reduce KBF frequency and
severity are to be developed and animal welfare is to
be optimized.ADDITIONAL EXPLANATIONS FOR KBF
SUSCEPTIBILITY
Age at First Egg
If the act of egg production and the concomitant adap-
tations are related to the problem of poor bone quality inlaying hens, we should look at other aspects of reproduc-
tion. Other than the intensity of egg production, puberty
is a parameter with a clear genetic determination and a
good candidate for affecting bone quality. Puberty is
most usually measured as age at first egg (AFE) in
poultry (Wolc et al., 2010) and has been a long-
standing factor in breeding programs (Abplanalp,
1957). The AFE trait is influenced by many factors,
most notably growth rate and body weight, with which
it often shows correlation and overlapping quantitative
trait locus (Soller et al., 1984; Kerr et al., 2001; Podisi
et al., 2011), although not in every instance (Wolc
et al., 2010). Photoperiod (Lewis et al., 2008) and its
interaction with diet to influence the growth rate
(Dunn and Sharp, 1992) are also contributory. If the
shift to an egg laying physiology was to occur early,
the transition to development of medullary bone and
the calcium requirement for egg formation might pre-
vent or delay full ossification. The effect would be espe-
cially relevant in the keel, where ossification occurs
relatively late (Buckner et al., 1949). Given the existing
knowledge of egg laying physiology and the associated
changes in bone development, we need to consider evi-
dence that AFE might affect bone quality.
A comparison by Hocking et al. (2003) of bone quality
for 13 different traditional and 12 different commercial
breeds at 55 wk of age found the former had considerably
better bone quality and a much later onset of sexual
maturity by an average of 4 wk. The authors suggested
that the modern problems of bone breakage in commer-
cial laying hens were a combination of coming into lay
earlier and the continuation of high rates of lay for
extended periods of time. Ultimately, however, this
study was only correlative. Data for individual breeds’
bone quality were not available, and many of the tradi-
tional breeds were considerably heavier than the com-
mercial layer breeds, which would positively influence
bone strength. A similar study examining bone charac-
teristics before egg laying concluded that intensive selec-
tion for elevated egg laying has not changed bone size,
shape, or quality before egg laying commenced
(Hocking et al., 2009). The result strongly suggested
that any effect of selection in egg-laying breeds as seen
in an earlier, related study (Hocking et al., 2003) would
be manifested after egg laying commenced and could
include AFE or persistence.
Silversides et al. (2006) directly tested the hypothesis
that delaying sexual maturity using photoperiod would
allow greater skeletal maturity before egg formation
commenced by using 3 chicken breeds, 2 commercial
breeds, and one traditional breed. The paradigm used
featured a 2-week difference in age at photostimulation
although it delayed AFE by only 4 D. The relatively mi-
nor delay illustrates the limitations of photoperiodic
manipulation as a solution for improving bone health
in modern laying hens that will come into lay even on
short-day photoperiods (Morris et al., 1995). Delaying
photostimulation resulted in positive results overall, pri-
marily on the density and area of medullary and cortical
bone of the radius and humerus, although bone breaking
TOSCANO ET AL.4188strength was unaffected. The inconsistent results with
regard to photostimulation were in contrast to the
much clearer effect of the breed, wherein evidence sug-
gested that the humerus may have been weakened in
breeds with higher egg production. While the findings
were interesting, large differences in body weight make
interpretations difficult. In another experiment that
also approached the problem directly by using photope-
riod to try to delay sexual maturity, the authors found
little effect on bone mineralization at the end of lay
(Hester et al., 2011). Unfortunately, it was not possible
from the publication to determine if a delay in the onset
of lay was actually achieved with the photoperiods used,
and as the authors conceded, there was no measurement
of mineralization earlier in lay or fractures. When the
onset of lay was monitored in housing that allowed link-
ing of individual eggs and hens (Gebhardt-Henrich and
Fr€ohlich, 2015), incidents of keel bone damage, as deter-
mined by repeated palpation until 43 wk of age, were
relatively frequent and associated with AFE, but not
with total egg production. Specifically, hens without
keel damage came into lay approximately 17 D later
than those having some form of keel damage. In contrast,
a study looking at bone quality at 70 wk of age, with a
wide range of factors, which included photoperiodic
manipulation that resulted in a 4-day AFE delay, found
bone quality of the humerus and keel radiographic den-
sity increased in the early-maturing hens (Fleming
et al., 2003), although differences were not observed at
any other ages. The changes in bone properties observed
may have been linked to increased medullary bone in
these structures, perhaps owing to the earlier photosti-
mulation, although the effects were not evident at
younger ages. A lack of an observable effect with AFE
manipulation by a combination of light and diet was
also evident on bone breakage incidence at slaughter at
82 wk of age (Gregory et al., 1990). It may be relevant
that hens of these latter 2 studies were kept in battery
cages.
To summarize, there are clear genetic effects on bone
quality, which can be supported by a number of direct
studies in addition to between-breed studies already
mentioned (Bishop et al., 2000; Dunn et al., 2007;
Podisi et al., 2012; Eusemann et al., 2018a; Raymond
et al., 2018). There are some studies that seem to corrob-
orate the role of AFE in bone quality, but it must also be
recognized that a number of studies do not show effects.
It may well be that effects are dependent on an interac-
tion of genetics and the environment, with more chal-
lenging environments being necessary for the full
expression of the trait. In other words, genetic parame-
ters and correlations between KBF and other traits
such as AFE can only be detected in environments
that allow damage to occur at high frequencies and se-
verities, for example, aviary housing. It may also be
that some studies lack sufficient power to detect effects
that are highly variable by nature. These obstacles, com-
bined with difficulties manipulating the onset of puberty
in modern laying hybrids, may have hampered attempts
to detect effects of the age at puberty on KBF.Finally, the keel bone may be more susceptible to the
effect of early puberty than other bones. The keel ossifies
more slowly in comparison with other parts of the ster-
num, and much of the keel is still cartilaginous when pu-
berty is reached (Buckner et al., 1948, 1949). The
ossification delay may make it more vulnerable to frac-
ture as the physiology of the birds shift to egg laying,
resulting in poor calcification of the structure.Late Ossification of the Full Keel
Although the AFE-related discussion proposes that
the keel has not fully developed before the physiological
transition to egg laying occurs, resulting in a compro-
mised structure, an extension of this discussion is that
the combination of AFE and late ossification of certain
areas predisposes those areas to fracture. Late ossifica-
tion does not provide an explanation for the occurrence
of fractures per se but may explain the previously dis-
cussed variation in fracture rates and thus aid in identi-
fying true causes of fracture. Bone development is a
complex and continuous process through life, including
bone formation, bone repair, and bone remodeling.
Bone formation occurs through ossification, a process
of bone growth in which connective tissue or cartilage
is replaced with bone tissue (Bittner et al., 1998;
Whitehead, 2004b). Within the keel, ossification begins
cranially and progresses to the caudal tip (Buckner
et al., 1949). The ossification of the caudal part of the
keel is likely not completed until 30 to 40 wk of age based
on the historical literature of laying hens from the 1940s
(Buckner et al., 1948, 1949), although an examination of
tibias in male broiler breeders supports the time frame
remains relevant (Rath et al., 2000). To the best of the
authors’ knowledge, no evidence of longitudinal observa-
tions on keel development and bone properties exist. The
immature bone in an ossification zone is weaker than
mature bone structures and may therefore be more at
risk of fractures (Birchard and Sherding, 2005). The
elevated rate of fractures seen in the period before
35 wk (Baur et al., 2020) followed by the subsequent
decrease could be explained in part by the entire keel be-
ing late to complete the ossification process. The carti-
laginous composition of the keel and the ongoing
ossification during peak production would result in a
keel that is weaker than that of older hens and may
explain why KBF often are found at the caudal part of
the bone (Figure 3), which is the last part to be ossified
(Casey-Trott et al., 2017a; Thøfner et al., 2020).
It could also be speculated that high and sustained egg
laying in a period in which the keel bone structure is
weak creates excessive strain on the ossification zones,
leading to fractures in the immature zones of the keel.
Ossification might also be disturbed by the competing
demand for calcium to produce eggs. These speculations
are supported by greenstick fractures being the type of
fracture most commonly reported in the keel (Casey-
Trott et al., 2017a; Thøfner et al., 2020). A recent study
has demonstrated with the use of histopathological tech-
niques that the fractures indeed look like greenstick
Figure 3. Ventral image of a 20-week-old laying hen, wherein a small
fracture can be seen immediately caudal to the line of ossification and
indicated by the arrow. (Credit: JP Christensen.)
KEEL FRACTURE EXPLANATIONS 4189fractures owing to the lack of healing (Thøfner et al.,
2020). Inflammatory cells were shown to be absent
around the fractures, which is a characteristic of stress
and greenstick fractures, wherein a constant stress im-
pedes healing. In humans, greenstick fractures are most
common in pediatric patients and occur when an imma-
ture bone is bent and begins to fracture although the
fracture line is not complete (Rodríguez-Merchan,
2005). As laying hens would naturally reach 8 to 10 yr
of age, 40 wk of age can be viewed as a pediatric age,
with an immature keel capable of flexing to a certain de-
gree, although still prone to fracture. It has not been
investigated if the nature of fractures is histologically
different when occurring in relatively young animals, an-
imals older than than 40 wk of age, and those older than
1 yr of age, although efforts to understand causes of frac-
ture would benefit from this comparison.Predisposing Bone Diseases
Other possibilities to explain KBF include the exis-
tence of underlying disease state that may resemble an
injury resulting from collision. Collisions and their
resulting injury, referred to as traumatic, would nor-
mally take on a morphological characteristic, wherein
the bone is split into 2 or more pieces, with one of the
several distinctive appearances (Baumgartner and
Ulrich, 2015). The healing process of the injury will typi-
cally involve callus formation that can be detected by
the rather coarse techniques of palpation or direct exam-
ination of excised keels (Casey-Trott et al., 2015). How-
ever, a callus-like expansion of bone is not a definitive
proof of fractured bone as it can also result from other
processes such as periosteal irritations, congenital mal-
formations, periostitis, osteomyelitis, and bone tumors
(Baumgartner and Ulrich, 2015). The recent use of radi-
ography to accurately detect fractures (Richards et al.,
2011; Eusemann et al., 2018a; Rufener et al., 2018b,
2019; Rentsch et al., 2019; Baur et al., 2020) within arelatively narrow time window should be exploited to
allow for immediate macroscopic and histopathologic ex-
amination. A comprehensive morphological examination
of lesions immediately after the onset is needed for proof
of principal that the lesion in question is indeed a frac-
ture and identification of the cause. In this scenario,
although more severe, or traumatic, fractures may result
from collisions, there is also a possibility for a predispos-
ing disease resulting in a weakened skeletal architecture.
These predisposed bones would be expected to break
easier, even with routine, daily forces that would be
considered innocuous. Fractures in such a predisposed
bone are referred to as pathological fractures. In
contrast, traumatic fractures occur only with increased
or massive force acting on normally structured bones
such as collisions (Craig et al., 2016). Reports of recur-
rent fractures at different ages and in multiple locations
(Richards et al., 2011; Rufener et al., 2018b, 2019; Baur
et al., 2020) are suggestive of a predisposing primary
disease.
We propose that traumatic and pathological fractures
differ in several meaningful characteristics including the
affected anatomic locations and the general pathomor-
phology of the fractured bone and associated soft tissues.
Traumatic fractures of the keel likely manifest as multi-
ple fragments in primarily middle and cranial portions,
possibly accompanied by prominent traumatic changes
in the surrounding soft tissues. In contrast, pathological
fractures will occur at the caudal end of the sternum
where only periosteal woven bone formation is seen, sug-
gestive of a previous fracture (Eusemann et al., 2018a).
Future work should continue to differentiate these types
of fractures and how they can be better classified within
experimental scoring systems. In considering these 2
fracture classes, it is important to be aware of the fact
that a bird with weakened bone can have fractures owing
to both high-impact, traumatic events and low-force
stress acting on the least resistant parts of the bone,
that is, pathological fractures. In contrast, birds with a
normal (nonpredisposed) skeleton would have only trau-
matic fractures. The existence of pathological fractures
is supported by the absence of fractures in males of mod-
ern genetic lines (Fleming et al., 2004) and hens in which
egg production is suppressed (Eusemann et al., 2018b).
Numerous predisposing conditions of pathological
fractures are possible, and only a limited number of
them are considered here. Conditions predisposing to
pathological fractures theoretically may include those
of degenerative (e.g., osteoporosis, osteodystrophia
fibrosa, rickets/osteomalacia), dysplastic (e.g., osteogen-
esis imperfecta or glass bone disease), inflammatory
(e.g., osteomyelitis), and neoplastic characteristics.
Most of these diseases are exogenous, and discussed
endogenous pathologies were obviously not a goal of se-
lection programs. However, it is possible that a form of
inadvertent selection occurred. In this scenario, while
selecting for desired traits such as efficient egg produc-
tion, undesirable traits were also selected in a form of ge-
netic hitchhiking, leading to a compromised phenotype.
Evidence for genetic hitchhiking is relatively sparse.
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heritance between pairs of neutral loci in a selection
experiment (Derks et al., 2018), whereas the phenomena
was shown to exist between pairs of loci within quantita-
tive trait loci (Pinard Van Der Laan et al., 2008).
Focusing on osteoporosis, which is generally cited as
relevant to the cause of fractures, it may also impair
repair of damaged bone by interfering with the many
processes involved in intramembranous ossification or/
and endochondral ossification (Cheung et al., 2016).
Although healing is generally seen to occur within 6 to
8 wk for the majority of hens (Richards et al., 2011;
Baur et al., 2020), longitudinal studies using radiographs
in laying hens have also demonstrated relatively delayed
(Rufener et al., 2018a) or even a lack of healing, as shown
in one study with 16% of surveyed hens (Baur et al.,
2020). Delayed healing is also known to occur in response
to elevated estrogen concentrations (Engin et al., 1983).
It is possible that if hens are unable to adequately repair
small, innocuous fractures called greenstick fractures,
the bone’s ultimate strength could become compro-
mised, leading to fracture. In that sense, the influence
of egg laying activity on fracture repair is most likely
quantitative but not qualitative.
Unfortunately, the literature on poultry diseases
shows an unfavorable trend of confusing the metabolic
diseases osteoporosis and osteomalacia because many ex-
periments lack the inclusion of techniques able to truly
differentiate these conditions, such as histopathology
and bone mineral analysis. The morphologic diagnosis
within the piece of bone under investigation is osteope-
nia and has to be distinguished from the name of the sys-
temic disease which is osteoporosis. Osteopenia can
occur owing to different reasons, for example, disuse of
a limb leading to an osteopenic limb. In contrast, osteo-
porosis is a metabolic disease principally weakening all
bones although with different speeds and extents.
Genetic predisposition may arise of a congenital na-
ture or later in life. In terms of congenital conditions,
although some historical information regarding growth
and ossification (Buckner et al., 1948, 1949) and more
recent work (Gibson et al., 1995) are available, extensive
information about the laying hen’s keel ossification is
lacking, including enchondral vs. desmal ossification or
the number of growth centers that exist. Concerning
later development, it is known that hens at the onset
of egg laying retain a cartilaginous caudal end of the ster-
num, suggestive of a zone of ongoing growth (Buckner
et al., 1948) that could be a locus of least resistance
similar to the characteristic metaphyseal rib swellings
in rickets of growing vitamin D–deficient mammals
(Baumgartner and Ulrich, 2015; Craig et al., 2016).
Finally, tumors of bone-like osteosarcoma or within
the bone marrow–like malignant lymphoma and extra-
medullary plasmacytoma are common predisposing fac-
tors for fractures (Baumgartner and Ulrich, 2015;
Craig et al., 2016). Notably avian sarcoma leukosis,
which is an alpharetrovirus-induced neoplastic disease,
can occur enzootically affecting complete flocks and
can induce tumors in multiple soft tissues and bone(Abdul-Aziz and Barnes, 2017). The target cell of the
retrovirus is myelomonocytic cells in the bone marrow,
and the forming myelocytic tumors referred to as myelo-
cytomas are reported to characteristically occur on the
surface of bones and cartilage and distort the contours
of the bones, resulting in deformations hard to distin-
guish without histopathology from callus formation. It
is unlikely that tumors are widespread and a dominant
cause of fractures although, in pursuit of this review’s
stated objectives, alternative explanations should be
considered even if the implications are limited to a
very small subset of occurrences.Inactivity Leading to Reduced Bone
Strength
The mechanostat (Frost, 2003) is an evolving hypoth-
esis that originated with earlier proposals by Wolff, 1892
that theorizes that the biological mechanisms that regu-
late bone strength and adapt to experienced mechanical
loads. At risk of oversimplification, these theories pro-
pose that use of a bone or loading will lead to increased
strength in that bone through additions of bone mass
and changes in the cross-sectional shape via osteocytes
within the bone that serve to detect mechanical strain
(reviewed by Robling and Turner, 2009).
Interestingly, although noncage systems would be ex-
pected to involve more bone loading owing to the addi-
tional activity required to move between resources
such as litter for dust bathing, nest box for egg laying,
feed, and water lines (Fr€ohlich and Oester, 2001;
Blokhuis et al., 2005), noncage systems actually have
higher rates of fractures (Rodenburg et al., 2008;
Wilkins et al., 2011; Petrik et al., 2015). Wilkins et al.
(2011) reasoned that the variation in fractures observed
between systems was likely due to perches causing more
high-energy collisions, a view supported by the increased
fracture occurrence and severity seen in systems with
more and higher items available for perching. Paradoxi-
cally, birds in noncage systems appear to manifest supe-
rior bone strength (Tauson and Abrahamsson, 1994;
Jendral et al., 2008; Rodenburg et al., 2008; Regmi
et al., 2013, 2015) and cortical density and thickness
(Regmi et al., 2016b) compared with birds in the cage
system, traits that likely result from greater activity.
Rodriguez-Navarro et al. (2018) found that, similar to
the aforementioned findings, cortical bone from aviary
hens was stronger and had increased cortical thickness
but a lower degree of mineralization, and bone mineral
was less mature and less organized than in caged birds.
Few studies have investigated the effect of exercise on
the keel bone, but it is assumed that greater use of the
wings should increase its strength, and this is borne
out by measurement of keel radiographic density
(Fleming et al., 2006). Birds with greater bone strength
would be expected to be less susceptible to fractures from
collisions, a detail that highlights the difficulty in identi-
fying an appropriate balance between providing an
important resource that birds are motivated to use
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2009). In other words, housing features that lead to im-
provements in bone health do not necessarily lead to
reduced fracture incidence (Regmi et al., 2016a),
although the opposite has been reported (Stratmann
et al., 2015b,a). The actual benefit of housing adapta-
tions likely lies in whether the adaptations meet the
behavior and needs of animals themselves (Stratmann
et al., 2015b,a). Within the vein of the current article,
given that egg production between noncage and cage
systems is similarly high (.85% hens’ daily average
over the lifetime of the flock) but fracture rates are so
different, it suggests the involvement of causal factors
other than egg production such as activity levels. The
differential rates in fracture are normally attributed to
the belief that hens in cage systems would be exposed
to collision energies of a lesser magnitude (Harlander-
Matauschek et al., 2015), although relatively high-
energy collisions do occur in cage systems (Baker et al.,
2020). Given the lack of knowledge, the role of activity
in general and specific types of activities should be inves-
tigated further.
In support of the hypothesis of reduced activity leading
to increased fractures, hens within noncage systems were
shown to exhibit highly individualized behavior that
would likely lead to dramatic but varied effects on bone
strength (Rufener et al., 2018c). Rufener et al. (2018c) re-
ported that, despite all hens being in the same aviary, the
number of transitions between aviary tiers and the winter
garden was highly specific to individual animals, with to-
tal daily transitions ranging from 20 to 159. Similar pat-
terns of differential movement patterns were observed in
terms of movement between inside and outside barn areas
(Y. Gomez, unpublished work; Gebhardt-Henrich et al.,
2014; Larsen et al., 2017; Taylor et al., 2017). In this sce-
nario, although all birds are contained within the same
housing system, the differential activity levels would be
expected to result in substantially different bone loading
and consequent bone strength. Future work should inves-
tigate if there exists a subpopulation of hens within a flock
that adopt relatively reduced activity behavioral patterns
and the relationship with keel fracture susceptibility. Y.
Gomez (unpublished data) reported consistent movement
patterns for groups of individuals that appeared to form
an intrapen community, although no data on KBF were
taken. Rufener et al. (2019) found that birds with KBF
had a similar number of transitions within a commercial
aviary, although maintained the majority of their time
in upper tiers. Unfortunately, Rufener et al. (2019) were
not able to establish causality, so it is not possible to
say if the different behavior was a cause or effect of the
keel fractures.FUTURE RESEARCH AREAS
The current article is intended to highlight evidence
that KBF are likely related to elevated and sustained
egg production although multiple published reports sug-
gest the role of complementary or additional contribu-
tory factors that were discussed. Unfortunately, muchof this information is piecemeal, isolated, and/or con-
ducted with methods or genetic lines and hybrids that
limit application to current commercial conditions.
With that in mind, we have attempted to identify
several key areas where research would be advantageous.
Those areas include the following:
1. Continued examination to link egg production and
keel bone health and fractures throughout the laying
cycle
2. Examination of noncommercial aves and traditional
breeds for evidence of keel bone damage
3. Exploration of manipulating AFE with an emphasis
on keel-based fracture evaluations and controlling
for likely influential factors such as body mass and
hybrid. The potential impact on fractures should be
analyzed at multiple ages.
4. A detailed histological and structural analysis of the
keel from development to full ossification to link age-
related changes with the type of fracture occurring
and fracture location
5. Assessment of prefracture bone condition to evaluate
different occurrence of pathological and traumatic frac-
tures, possibly in combination with techniques to mod-
erate egg production, for example, photostimulation
6. Assess the relationship between individual activity
patterns and consequent bone health and KBF
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